In previous work, senescence of rose petal cells has been shown to be accompanied by a gradual decrease of membrane fluidity, as measured by a fluorescence polarization technique. Concomitantly, an increase in the free sterol-to-phospholipid ratio was found. Both Senescence of flower petals is accompanied by many visual and physiological changes (13). Recently, attention has been directed to changes in plasma membrane characteristics with age, assuming that they play a primary role in the senescence process (2, 21, 28) .
Senescence of flower petals is accompanied by many visual and physiological changes (13) . Recently, attention has been directed to changes in plasma membrane characteristics with age, assuming that they play a primary role in the senescence process (2, 21, 28) .
In previous reports (3, 4) , we showed that senescence of rose petals is accompanied by a decrease in fluidity of the lipid core of its membranes, as deduced from microviscosity values calculated from fluorescence polarization measurements of protoplasts. This phenomenon occurs in both intact and cut flowers as well as in isolated protoplasts (3, 4) , and it was attributed to an increase in the ratio of the free sterols to phospholipids in the plasmalemma with increasing age (4) .
The present report summarizes experiments attempting to elucidate the metabolic processes leading to the change in the ratio of sterols to phospholipids, which influences the fluidity of rose petal membranes upon aging. MATERIALS techniques for protoplast isolation and handling and for viability evaluation were as described previously (4) .
Evaluation of Fluidity. Membrane lipid fluidity was determined by calculating the microviscosity (which is the reciprocal value of fluidity) from fluorescence polarization measurements of 1,6 diphenylhexatriene, as described previously (4) . Microviscosity measurements for liposomes and isolated membranes were carried out under the same conditions as those for protoplasts.
Membrane Isolation. The procedure for isolation of the plasmamembrane enriched fraction from protoplasts was based on two recent works (6, 12) , which described isolation and purification of plasmalemmas from protoplasts. A 5-ml aliquot of 2 x 106 protoplasts x ml-1 was spun down at lOOg for 5 min, and the pellet was resuspended in 10 ml buffer containing 300 mm sucrose (fluorescence-free; Merck), 10 mm Tris-HCl (pH 7.0), and 1 mm MgCl2. The protoplasts were disintegrated, using a glass homogenizer, until no intact protoplasts could be observed under a microscope (x 1000). The suspension was centrifuged for 5 min at 480g. The supematant was diluted with 10 ml of the same buffer and loaded onto 10 ml buffer containing 1.8 M sucrose, 10 mm Tris HCI (pH 7.0), and 1 mM MgCl2; then it was centrifuged for 60 min at 130,000g in Beckman ultracentrifuge L5-65, SW27 rotor. Six ml of the interface were collected, diluted with the same volume of homogenizing buffer, and loaded onto the top of a sucrose step gradient constructed from 12 ml of 35% (w/w) sucrose (lower layer) and 30%o (w/w) sucrose (upper layer). Both layers contained 10 mm Tris-HCl (pH 7.0) and I mm MgCl2. The samples were centrifuged for 3 h at 100,OOOg as before, at the end of which the interface above the 35% sucrose fraction was collected, diluted with 0.6 M mannitol solution to yield 0.5 mg lipid x ml-', and used immedtately.
Chemical Analysis. Lipid extraction and quantitation of total phospholipids and free sterols were carried out as previously described (4) . Phospholipid analysis was carried out by TLC. Samples were loaded on preactivated TLC plates (Kieselgel 60; Merck) and developed with chloroform:methanol:acetic acid:H20 (32:4:19:2, v/v). The different phospholipids were located using authentic markers (Sigma) and specific stains (27) Isocap 300) using programs 3 and 6.
Assays. Cyt c oxidase and K+-stimulated ATPase activities, as mitochondrial and plasma-membrane marker enzymes, respectively, were measured according to Hodges and Leonard (14) . NADPH-Cyt c reductase activity, as a marker enzyme for ER, was measured by the method of Lord et al. (18) .
Phospholipase Activity. Determination of phospholipase activity was done on the crude extract of petals of differing ages. All of the different steps were conducted at 0 to 4°C. A 15-g sample of petals was homogenized in 30 ml 200 mm sucrose, 3 mm 2-mercaptoethanol, 2 mm EDTA, 0.1% Triton X-100 (Packard) (pH 7.0), using ultra turrax for 60 s. The homogenate was filtered through two layers of cheese cloth, and the fitrate was dialyzed for 1 h against 35 volumes of the homogenization buffer and then against another 30 volumes of the same buffer for an additional 2 h. After dialysis, the samples were diluted to 2 mg protein x ml-'. Phospholipase activity of the extract was determined by measuring the amounts of phosphatidic acid and lysophosphatidylcholine liberated from phosphatidylcholine by the action of the petal extract. For this, 1 ml of extract was suspended with 100 ml of sonicated liposomes prepared from egg lecithin at 20 mg x ,LI-1, 100 ,.d of 375 mM CaCl2, and 300 ,ul of 200 mm citrate buffer at pH 4.5 or 6.5. The reaction was carried out for 60 min at 30°C and was terminated by the addition of a solution of chloroform: methanol (5:8, v/v) to the sample for lipid extraction. The lipid extract was concentrated under N2 and analyzed on TLC, as described above. The spots corresponding to phosphatidic acid and lysophosphatidylcholine were scraped off the plate, and their phospholipid contents were measured.
All measurements reported in this work were repeated at least three times, and the results are means of four replications.
RESULTS AND DISCUSSION
The fluidity of the lipid core of biomembranes has been shown to play a significant role in the control of many physiological processes, including permeability, enzyme activity, and protein accessibility (25) . We have used fluorescence polarization technique (24) to measure actual values of the reciprocal parameter of fluidity, namely the microviscosity of rose petal membranes. In previous reports (3, 4) , we demonstrated an increase of membrane microviscosity of rose petal cells with age which was affected by temperature, pH, and Ca2 . The results summarized in Table I confirm our previous observations (3, 4) that plasmalemma microviscosity in protoplasts isolated from rose petals is higher in old flowers than it is in younger ones. Protoplasts isolated from petals of young flowers which were held for 24 h in acidic solution (pH 4.5) gave values similar to those of protoplasts from old flowers (Table I ).
An isolated membrane fraction showed essentially the same microviscosity as did the original protoplasts (Table I ). These membrane fractions were isolated according to two recent detailed reports (6, 12) . Measurements of enzyme activities generally considered as markers of the mitochondrial, plasma-membrane, and ER membranes (14, 18) (20) . Reduced fluidity of plasma membranes with age appears to be a general phenomenon and has also been demonstrated for both bacterial (1) and animal cell membranes (23) .
The presence of cholesterol in membranes is known to increase their microviscosity (9, 24, 25) in temperature above the phase transition of the phospholipids, which is the normal situation for active organisms (25) . Since cholesterol in only a minor component of the total plant sterols (10), we have studied the effect of increasing content of several typical plant sterols on the microviscosity of sonicated egg lecithin liposomes (Fig. 1 (9) . In contrast to sterols, the phospholipid level of the protoplasts decreased with senescence to about one-half of its original level. The results were similar both for protoplasts isolated from petals of old flowers and for protoplasts aged for 24 h after isolation from young petals. The amount of total phospholipids decreased with increasing age, but the relative amount of each phospholipid class remained about the same (Table II) .
Similar results were found for Ipomea and Tradescantia flowers of different ages (2, 28) .
As a result of the reduction in the phospholipid content relative to the free sterol content, there was an increase of the free sterol to phospholipid ratio (Table I) , similar to our previous results (4 b Liposomes were made from sitosterol and egg lecithin of the same mole ratio as that found in the protoplasts.
c Values followed by different letters are significant at the 5% level (multiple range test).
d Protoplasts isolated from young flower petals were aged in dark for 24 h at 37°C (pH 4.5). Evaluation of the phospholipase activity in petals of different ages was carried out by measuring the degradation products of egg lecithin liberated by the action of petal extracts, which yields phosphatidic acid and lysophosphatidylcholine (Table IV) . The production of phosphatidic acid from lecithin was referred to phospholipase D activity, while the activity leading to formation of lysophosphatidylcholine was referred to phospholipase A (17) . Table IV In rose petals, there was no detected activity of both phospholipases in the absence of Ca2". However, only phospholipase A activity is pH-dependent, i.e. increased at acidic pH (4.5 compared to 6.5) (Table IV) . Indeed, it was demonstrated earlier (4) that the change in rose petal protoplast membrane fluidity with age is enhanced by low pH.
Results shown in
The present results, together with those reported previously (3, 4) , suggest some of the biophysical and biochemical processes which may occur in the rose petal membranes during aging. The apparent decrease in the membrane fluidity with age appears to be caused by the increase of the free sterol to phospholipid ratio (4), brought about by a decreased phospholipid content (Table I) . This process was found both in cells aged in the tissue and in those aged after isolation (Ref. 4 ; Table I ). The observed similar behavior of protoplasts which were aged in situ to those held after isolation at 37°C (pH 4.5), with regard to their lipid metabolism, makes protoplast in vitro aging a suitable model for plant membrane senescence studies. Senescence of rose petals appears to be characterized by a decrease in the ability of cells to synthesize phospholipids (Table III) and an increase in phospholipase A activity (Table IV) . These two changes may be responsible for the reduction in phospholipid content which, in turn, results in an increase in the ratio of free sterol to phospholipid, leading to a decrease in the membrane fluidity.
These senescence-related changes in phospholipid metabolism and membrane fluidity are probably affecting metabolic processes of the cells and their hormonal responses, as has been shown for mammalian tissues (25) .
